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Abstract
In this paper, we present a silent positioning scheme
termed as UPS for underwater acoustic sensor networks.
UPS relies on the time-difference of arrivals measured lo-
cally at a sensor to detect range differences from the sensor
to four anchor nodes. These range differences are averaged
over multiple beacon intervals before they are combined to
estimate the 3D sensor location through trilateration. UPS
requires no time-synchronization and provides location pri-
vacy at underwater vehicles/sensors whose locations need
to be determined. Simulation study on the position error
of UPS under acoustic fading channels indicates that UPS
is an effective scheme for underwater vehicle/sensor self-
positioning.
Keywords: Underwater acoustic sensor networks, localiza-
tion, navigation, underwater GPS, underwater positioning.
1 Introduction
UnderWater Acoustic Sensor Networks (UWA-SNs)
consists of a variable number of sensors and vehicles (Un-
maned Underwater Vehicle (UUV), Autonomous Underwa-
ter Vehicle (AUV), etc.) to perform collaborative monitor-
ing tasks over a given area. The main motivation for UWA-
SNs is their relative ease of deployment since they elimi-
nate the need for cables and they do not interfere with ship-
ping activities. UWA-SNs are envisioned to enable applica-
tions for environmental monitoring of physical and chemi-
cal/biological indicators, tactical surveillance, disaster pre-
vention, undersea exploration, assisted navigation, etc.
Location discovery for underwater vehicles/sensors is
nontrivial in the oceanic medium. Propagation delays,
motion-induced Doppler shift, phase and amplitude ﬂuctua-
tions, multipath interference, etc., are all signiﬁcant factors
in location measurement. The well-known Global Position-
ing System (GPS) receivers, which may be used in terres-
trial systems to accurately estimate the geographical loca-
tions of sensor nodes, do not work properly in underwater
[3]. Some localization schemes based on received signal
strength (RSS), time of arrival (ToA), or angle of arrival
(AoA), could be used. Nevertheless, the bandwidth con-
straint, sensor mobility, and unpredicted variation in chan-
nel behavior make many of these approaches inaccurate
or unapplicable [6]. For example, the Doppler shift intro-
duced by mobility affects the AoA algorithm, and the un-
derwater power loss model (depending on distance and fre-
quency) makes the RSS-based estimation results ambigu-
ous. More over, the accuracy of the localization relates to
the bandwidth of the signal and the SNR at the receiver (pp.
429, [2]). The lower limit for σ2 estimation in the pres-
ence of AWGN is given by the Cramer-Rao lower bound,
σ2 = N0
2
 +∞
−∞ (2πf)2|p(f)|2df , which indicates that σ2 is in-
versely proportional to the bandwidth. Unfortunately, the
bandwidth of UWA-SNs is signiﬁcantly limited, which the-
oretically demonstrates that acoustic positioning in UWA-
SNs is very challenging.
Intuitively, ToA or TDoA based localization should be
preferable. Nevertheless, ToA or TDoA approaches re-
quire time synchronization if one-way sound ﬂying time is
counted on; otherwise, a ping-pong style round trip prop-
agation delay needs to be measured. In underwater acous-
tic sensor networks, precise time synchronization is hard
to achieve due to the characteristics of sound when travel-
ling in water [13]. In addition, the low bandwidth of acous-
tic signals is shared by navigation and data communication
in UWA-SNs [12], therefore the ping-pong style alternative
may signiﬁcantly decrease the network throughput. For the
same reason, schemes requiring a large number of anchor
nodes whose locations are known ap r i o r iare prohibitive
to UWA-SN. In this paper, we propose UPS, a ToA-based
silent Underwater Positioning Scheme, to carefully address
the concerns and challenges mentioned above.
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scheme for UWA-SNs, and demonstrate the performance
of UPS by simulation. Compared to existing schemes pro-
posed in the context of underwater acoustic sensor net-
works, UPS has the following characteristics and advan-
tages:
• UPS utilizes very few number of anchor nodes (four
anchors in our study) and requires no special hardware
to provide 3D localization.
• UPS requires no time synchronization. All time differ-
ences are computed from the measurements by a local
timer.
• UPS provides silent positioning. Underwater vehicles
and sensors do not actively transmit any beacon signal.
They just passively listen to the broadcastings of the
anchor nodes for self-positioning.
• UPShaslowcomputationoverhead. Itisbasedonsim-
ple algebraic operations on scalar values.
• As evidenced by our simulation study, UPS has low
position error. It is applicable to both localization and
navigation in UWA-SNs.
The silent positioning feature of UPS deserves fur-
ther emphasis. First, it can signiﬁcantly conserve band-
width and therefore improve network throughput since sen-
sors/vehicles do not transmit any beacon for positioning
purpose. This is particularly true when a large number of
vehicles and sensors need to be positioned in a UWA-SN.
Second, UPS is applicable to asymmetric UWA-SNs where
thetransmissionfromanunderwatervehicleorsensorcould
not reach four or more anchor nodes. Third, silent posi-
tioning provides strong location privacy, which can help to
protect sensors/vehicles from being detected in critical ap-
plications.
This paper is organized as follows. Section 2 summa-
rizes the major related works in UWA-SNs. Section 3
proposes UPS, a silent underwater positioning scheme for
UWA-SN. Simulation results are reported in Section 4. We
conclude our paper in Section 5.
2 Related Work
Sensor self-positioning has been extensively studied for
typical indoor and outdoor sensor networks [8]. In this sec-
tion, we brieﬂy overview the localization techniques pro-
posed in UWA-SNs. For a more detailed literature survey,
we refer the readers to [6] and the references therein.
Underwater acoustic localization can be broadly clas-
siﬁed into two categories: range-based and range-free.
Range based schemes ﬁrst measure or estimate distances
or angles to a small number of anchor nodes via ToA, RSS,
AoA, or even network connectivity, and then apply trian-
gulation or multi-lateration to transform ranges into coor-
dinates. Range-free schemes explore the local topology
and the position estimate is derived from the locations of
the surrounding anchor nodes. Generally speaking, range-
based schemes have higher position accuracy while range-
free provides coarser location estimation.
An area-based range-free underwater positioning (ALS)
is proposed in [7]. ALS relies on variable power levels
of anchor nodes to partition the plan into areas. Each an-
chor node has its own non-overlapping partition. A ve-
hicle/sensor receives its position estimate from a central
server after providing all the areas (one for each anchor
node) it resides. UPS is a range-based scheme with much
higher position accuracy.
Range-based underwater localization requires either
long-range or short-range anchors. Since short-range bea-
con covers a smaller space, a larger number of anchor
nodes are involved and therefore it is unfavorable in un-
derwater environment. Motivated by terrestrial GPS, un-
derwater GPS such as GIB (GPS Intelligent Buoys) [5]
and PARADIGM [4] have been proposed. Even though
PARADIGM is able to compute location on-board, GIB
relies on a centralized server to compute location for un-
derwater vehicles/sensors. These two methods require
time-synchronization for ToA measurement between an-
chor nodes and underwater vehicles/sensors. Hahn and Rice
[9] propose a ping-pong style scheme to measure the round-
trip delay for range estimation. All these long-range based
methods require underwater vehicles/sensors to interrogate
with multiple surface buoys, which contributes to network
throughput degradation compared to UPS’s silent position-
ing.
If there is no direct communication between anchor
nodes and sensors, network connectivity can be explored
for range estimation. In [11], three range detection methods
based on network connectivity have been proposed: DV-
hop, DV-distance, and Euclidean. Comparison study in [11]
indicates that Euclidean performs the best in anisotropic
topologies with a tradeoff of larger computation and com-
munication overheads. Zhou et al. [15] has extended the
Euclidean method to 3D UWA-SN and studied its perfor-
mance. This method relies on a relatively larger number
of anchor nodes, which results in higher deployment cost.
Zhang and Cheng [14] proposes UR-PLACE, a protocol for
underwater robot self-positioning that exploits the multihop
connectivity to anchor nodes via beacon ﬂooding. The ex-
tensive local communication in [15] and the global ﬂooding
in [14] worsen the bandwidth shortage problem in UWA-
SN, which unavoidably degrades the network throughput.
As a comparison, our UPS requires no active transmission
from underwater vehicles/sensors.
393 UPS: An Underwater Positioning Scheme
In this section, we propose UPS, a silent acoustic posi-
tioning scheme for underwater vehicle/sensor localization.
UPS is motivated by our previous work presented for 2D
terrestrial sensor networks [8], which rely on the ToA of
RF signals from three anchor nodes for location estimation.
The propagation characteristics of RF signals in free space
and that of acoustic signals underwater are signiﬁcantly dif-
ferent, which fundamentally affect the performance of any
position algorithm.
UPS consists of two steps. The ﬁrst step detects the
differences of signal arrival times from four anchor nodes.
These time differences are transformed into range differ-
ences from the underwater vehicle/sensor to the anchor
nodes. Inthesecondstep, trilaterationisperformedtotrans-
form these range estimates into coordinates. In the follow-
ing, we ﬁrst discuss the network model under our consider-
ation.
3.1 Network Model
We assume that an UWA-SN consists of mobile under-
watervehicles(e.g. UUVsorAUVs)andstationarysensors.
UUVs and AUVs move about at a typical speed of around
2 meters [12] within a conﬁned space, which also covers all
non-mobile sensors. To ease our elaboration, from now on
we use “sensor” to denote both a mobile vehicle or a sta-
tionary sensor. There exist at least four non-cospace anchor
nodes with long-range beacons whose locations are known
ap r i o r i . Each of them is equipped with an acoustic trans-
mitter that can cover the whole activity space. No three
anchors are collinear.
3.2 A Time-Based Location Detection
Scheme
Given the locations (xa,y a,z a), (xb,y b,z b), (xc,y c,z c),
and (xd,y d,z d) of anchor nodes A, B, C, and D, respec-
tively, we are going to determine the location (x,y,z) of
sensor S covered by A, B, C, and D. Let dij be the distance
between i and j, where i,j ∈{ a,b,c,d,s}, representing
the four anchor nodes and the sensor S.W eh a v e
dab =

(xa − xb)2 +( ya − yb)2 +( za − zb)2
dac =

(xa − xc)2 +( ya − yc)2 +( za − zc)2
dad =

(xa − xd)2 +( ya − yd)2 +( za − zd)2
The ﬁrst step of UPS computes the range differences be-
tween dsa and dsb, dsc, dsd, respectively.
Step 1: Range Difference Computation.
Let A be the master anchor node, which initiates a bea-
con signal every T seconds. Each beacon interval begins
when A transmits a beacon signal. Consider any beacon in-
terval i, at times ti
1, ti
b, ti
c, and ti
d, sensor S, anchor nodes
B, C, and D receive A’s beacon signal, respectively. At time
ti 
b , which is ≥ ti
b, B replies to A with a beacon signal con-
veying information ti 
b − ti
b =∆ ti
b. This signal reaches S
at time ti
2. After receiving beacon signals from both A and
B, at time ti 
c , C replies to A with a beacon signal conveying
information ti 
c −ti
c =∆ ti
c. This signal reaches S at time ti
3.
After receiving beacon signals from A, B, and C, at time ti 
d,
D replies to A with a beacon signal conveying information
ti 
d − ti
d =∆ ti
d. This signal reaches S at time ti
4. Based on
triangle inequality, ti
1 <t i
2 <t i
3 <t i
4.L e t∆ti
1 = ti
2 − ti
1,
∆ti
2 = ti
3 − ti
1, and ∆ti
3 = ti
4 − ti
1, we obtain
dab + dsb − dsa + v · ∆ti
b = v · ∆ti
1, (1)
dac + dsc − dsa + v · ∆ti
c = v · ∆ti
2, (2)
dad + dsd − dsa + v · ∆ti
d = v · ∆ti
3, (3)
which gives
dsb = dsa + v · ∆ti
1 − dab − v · ∆ti
b = dsa + ki
1,(4)
dsc = dsa + v · ∆ti
2 − dac − v · ∆ti
c = dsa + ki
2,(5)
dsd = dsa + v · ∆ti
3 − dad − v · ∆ti
d = dsa + ki
3,(6)
where dsa, dsb, dsc, and dsd are positive real numbers, v is
the speed of the ultrasound, and
ki
1 = v · ∆ti
1 − v · ∆ti
b − dab, (7)
ki
2 = v · ∆ti
2 − v · ∆ti
c − dac, (8)
ki
3 = v · ∆ti
3 − v · ∆ti
d − dad. (9)
Averaging ki
1, ki
2, and ki
3 over I intervals gives
k1 =
v
I
[
I 
i=1
(∆ti
1 − ∆ti
b)] − dab, (10)
k2 =
v
I
[
I 
i=1
(∆ti
2 − ∆ti
c)] − dac, (11)
k3 =
v
I
[
I 
i=1
(∆ti
3 − ∆ti
d)] − dad. (12)
We are going to apply trilateration with k1, k2, and k3 to
compute coordinates (x,y,z) for sensor S in the next step.
Remarks: (i) All arrival times, including ti
j, where j =
1,2,3,4, and ti 
j , where j ∈{ b,c,d}, are based on the local
timers of the anchor nodes and the sensor S. No time syn-
chronization is required. (ii) We require A to periodically
initiate the beacon signal transmission in order to decrease
the measurement error and to facilitate navigation.
Step 2: Location Computation.
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dsb = dsa + k1, (13)
dsc = dsa + k2, (14)
dsd = dsa + k3. (15)
Based on trilateration, we obtain four equations with four
unknowns x, y, z and dsa, where dsa > 0.
(x − xa)2 +( y − ya)2 +( z − za)2 = d2
sa, (16)
(x − xb)2 +( y − yb)2 +( z − zb)2 =( dsa + k1)2, (17)
(x − xc)2 +( y − yc)2 +( z − zc)2 =( dsa + k2)2, (18)
(x − xd)2 +( y − yd)2 +( z − zd)2 =( dsa + k3)2. (19)
Without loss of generality, we assume that the four an-
chor nodes are located at (0,0,0), (xb,0,0), (xc,y c,0),
and (xd,y d,z d), respectively, where xb > 0, yc > 0, and
zd > 0. Note that we can always transform real positions to
this coordinate system through rotation and translation.
From Eqs. (16), (17), (18), and (19), we have
x2 + y2 + z2 = d2
sa, (20)
(x − xb)2 + y2 + z2 =( dsa + k1)2, (21)
(x − xc)2 +( y − yc)2 + z2 =( dsa + k2)2, (22)
(x − xd)2 +( y − yd)2 +( z − zd)2 =( dsa + k3)2,(23)
Solving these equations we obtain
d(1)
sa =
−β −

β2 − 4αγ
2α
(24)
d(2)
sa =
−β +

β2 − 4αγ
2α
(25)
x = Axdsa + By (26)
y = Aydsa + By (27)
z = Azdsa + Bz (28)
where
α = A2
x + A2
y + A2
z − 1 (29)
β =2 ( AxBx + AyBy + AzBz) (30)
γ = B2
x + B2
y + B2
z (31)
Ax = −
k1
xb
(32)
Bx =
x2
b − k2
1
2xb
(33)
Ay =
k1xc
xbyc
−
k2
yc
(34)
By =
x2
c + y2
c − xbxc +
xck
2
1
xb − k2
2
2yc
(35)
Az =
k1xd
xbzd
−
k3
zd
−
yd(k1xc
xb − k2)
yczd
(36)
Bz =
x2
d + y2
d + z2
d − xbxd +
xdk
2
1
xb − k2
3 −
ydx
2
c
yc
2zd
+
−ycyd +
xbxcyd
yc −
k
2
1xcyd
xbyc +
k
2
2yd
yc
2zd
(37)
Wehaveconductedextensivesimulationtostudythefea-
sible space where dsa > 0 is unique. It is interesting to
observe that when S is not close to any anchor node, and
when it is not behind any anchor node, Eq. (24) provides
a unique feasible solution. In addition, the correct position
can be computed via Eq. (24) if a sensor resides in the en-
closed space by the four anchor nodes, even when it is close
to an anchor node. Figs. 1-3 report the three transections
(z =0 ,5,10) of the feasible space (the gray area) when
the four anchor nodes A, B, C, and D reside in (0,0,0),
(10,0,0), (0,10,0), and (0,0,10), respectively.
AB
C
Figure 1. The transection of the feasible
space where z =0
4 Simulation Study
In this section, we are going to study the performance
of UPS in UWA-SN via simulation. We assume that for a
41AB
C
Figure 2. The transection of the feasible
space where z =5
AB
C
Figure 3. The transection of the feasible
space where z =1 0
given ti
1, the measuring errors of ∆ti
i, ∆ti
2 and ∆ti
3 are in-
dependent exponential distributions with arrival rates λ1, λ2
and λ3, respectively, and that the underwater vehicle/sensor
measures the arrival time of the ﬁrst ray in a multipath fad-
ing channel. We further assume that the measuring errors of
∆ti
b, ∆ti
c and ∆ti
d are negligible. Therefore λ1, λ2 and λ3
can be assumed to be equal, and this value is denoted by λ.
We will investigate the inﬂuence of λ upon position error.
Another factor we will investigate is the number of beacon
intervals I used to compute k1, k2, and k3. Since we also
consider the localization of mobile underwater vehicles, we
choose to average over a small number of beacon intervals.
We use Matlab to code UPS. This tool provides proce-
dures to generate normally distributed and uniformly dis-
tributed random numbers. Note that we do not use the sqrt
function in Matlab. Instead, we use Newton’s method [1].
We have found that 4 iterations generally yield good results.
In addition, Eq. (24) will be adopted for position estimation
since in our simulation, sensors will be placed within the
space enclosed by four anchor nodes.
We assume that sensors are randomly deployed in a cu-
bic space with lower-left corner (1,1,1) and upper-right
corner (19,19,19). The four anchor nodes are still located
at (0,0,0), (20,0,0), (0,20,0) and (0,0,20), respectively.
For each λ value, we try 2000 random sensor positions. The
averaged results are reported in Fig. 4. Note that in this
study, I is selected from {1,2,3,4} in order to demonstrate
the effectiveness of UPS when applied to positioning mo-
bile underwater vehicles.
We obtain three observations from Fig. 4. First, as I
increases, position error decreases. This is because aver-
aging over larger number of beacon intervals to compute
k1 k2 and k3 can better smooth out the effects of measur-
ing errors in ∆ti
1, ∆ti
2 and ∆ti
3, thus produce improved re-
sult. Second, position error increases as λ increases. This is
reasonable in the underwater acoustic channel, in which a
higher λ comes from an even higher transmission rate when
asymmetry commonly exists between the transmitter and
the receiver. Such characteristic of the underwater medium
brings signiﬁcant multipath interference at the receiver and
causes jittering. Third, in the situation of small λ, for exam-
ple λ ≈ 0.5 as shown in Fig. 4, the location errors vary very
little with the number of beacon intervals I. When λ is rel-
atively high, I plays a more important role. The higher the
λ, the bigger the difference induced from I. This observa-
tion is analogous to the terrestrial wireless communication
channels, in which coherenct time is introduced to depict
a period of time where the channel behavior or model can
be considered as stationary. For underwater wireless com-
munications, not only temporal coherence but also spatial
and frequency coherences [10] are signiﬁcant parameters
for signal propagation through acoustic channels with mul-
tiple paths. Based on the third observation, λ in underwater
communications should not be neglected in estimating the
coherence parameters. Note that rotating the square-cube
monitored space within the open space formed by anchor
nodes A, B, C and D, we obtain very similar results.
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Figure 4. Position errors vs. λ where ∠BAC =
90◦.
In the following, we report the simulation results when
∠BAC ≤ 90◦. In this simulation, the four anchor
nodes are located at (0,0,0), (XB,Y B,0), (XC,Y C,0),
and (0,0,Z D), respectively, where XB, YB, XC, YC and
42ZD are randomly drawn from [5,20]. 2000 sensors are ran-
domly placed within the overlapping space formed by the
anchor nodes (A,B,C,D) and the cube space with corners
(0,0,0) and (20,20,20). Fig. 5 reports the position error
vs. λ. Note that the observations from Fig. 5 is very similar
to those from Fig. 4. Nevertheless, for the same λ, the acute
angle case performs slightly better than the right angle one.
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Figure 5. Position errors vs. λ where ∠BAC ≤
90◦.
5 Conclusion
In this paper, we propose UPS, a silent underwater posi-
tioning scheme for UWA-SNs. UPS is superior to existing
systems in many aspects such as synchronization-free, low
computation overhead, etc. To evaluate the performance of
UPS, we conduct extensive simulation study. Our scheme
is simple and effective.
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